Two metallo-organic dyes were synthesized and used for NiO sensitization in view of photoelectrochemical applications. The new dyes present an original π-conjugated structure including the [Ru(dppe) 2 ] metal fragment with a highly delocalized allenylidene ligand on one side and a σ-alkynyl ligand bearing an electron-rich group, i. e. thiophene or triphenylamine unit, and one or two anchoring functions, on the other side. The optoelectronic, electrochemical and photoelectrochemical properties of the dyes were systematically investigated. A broad photoresponse was observed with absorption maximum at 600 nm. The X-ray crystal structure of one precursor was obtained to elucidate the structural conformation of the organometallic complexes and theoretical calculations were performed in order to address the photophysical properties of the new dyes. These photosensitizers were further implemented into NiO-based photocathodes and tested as photocurrent generators under pertinent aqueous conditions in association with [Co(NH 3 ) 5 Cl]Cl 2 as an irreversible electron acceptor. The dye-sensitized photocathodes provided good photocurrent densities (40 to 60 µA cm -2 ) at neutral pH in phosphate buffer and a high stability was observed for the two dyes.
Introduction
Sunlight is by far the most abundant renewable energy source. Its storage, however, remains a grand challenge which would allow a secure energy scenario for our society.[1-3] The production of fuels from solar energy and other renewable raw materials is probably the most promising solution in that prospect. As a first target, molecular hydrogen can be produced from water splitting, producing O 2 as a side product. The light-driven reduction of CO 2 can also produce carbon-based fuels, with a net zero-carbon footprint. Technologically, these processes can be implemented in photoelectrochemical cells (PEC). [4, 5] Various architectures have been designed for such devices, all containing photoelectrodes. [6] In this context, visible-light driven hydrogen production from photoactive cathodes based on molecular catalysts and dye-sensitized metal oxide semiconductor is of great interest. [6, 7] By analogy with p-type dye-sensitized solar cells (p-DSSCs), [8, 9] NiO-based photocathodes were obtained by sensitization of nanostructured thin films with organic or metallo-organic dyes and displayed photoelectrochemical activity in aqueous media. [10] [11] [12] [13] [14] [15] [16] In such photocathodes the dye plays a crucial role for the collection of sunlight and the inception of electron-transfer processes. In the present study, we focused on the design and preparation of innovative dye structures with suitable redox properties. The dyes were further implemented into NiO-based photocathodes and tested as photocurrent generators under pertinent aqueous conditions in association with an irreversible electron acceptor (IEA).
Some of us recently reported the preparation and study of asymmetric ruthenium-diacetylide organometallic complexes as efficient photosensitizers for TiO 2 in n-type DSSCs [17, 18] and for NiO in p-type DSSCs. [19] Besides, another type of organometallic complexes including the [Ru(dppe) 2 ] core has been previously reported, namely mixed alkynyl-allenylidene complexes. [20, 21] Such highly conjugated architectures intrinsically present excellent visible-light absorption properties over a broad wavelength range and low bandgap energy. Accordingly, the dyes targeted in this study present a mixed alkynyl-allenylidene structure as represented in Chart 1. In addition to the electron-rich [Ru(dppe) 2 ] metal centre, the photosensitizer [Ru]1 presents an electron-donating thiophene ring equipped with one carboxylic acid anchoring function while the dye [Ru]2 presents two carboxylic acid functions on a triphenylamine motif. The optical and electronic properties of the new dyes were thoroughly characterized showing that mixed alkynyl-allenylidene ruthenium complexes are promising sensitizers for NiO with the aim of producing stable photoelectrochemical systems.
Results and discussion

Synthesis and characterization
The synthetic route to the new dyes [Ru]1 and [Ru]2 is depicted in Scheme 1. Synthesis of the alkynyl ligands bearing the anchoring groups involved Sonogashira coupling reaction of appropriate halogenated precursors with trimethylsilylacetylene and subsequent deprotection of the terminal alkyne. The carboxylic acid anchoring functions were endowed with a silylester protecting group, i. e. 2-(trimethylsilyl)ethyl (TMSE), in order to avoid side reactions with the metal centre during the following reactions steps towards organometallic complexes. Thus, according to the general procedure previously described for the synthesis of [Ru(dppe) 2 ] metal complexes, [21] activation of the terminal alkynes 2 or 5 by the 16-electron species [RuCl(dppe) 2 ][TfO] led to the corresponding stable ruthenium-vinylidene moieties 3 and 6. Subsequent reaction of the latter with a slight excess of propargyl-alcohol HC≡C-CPh 2 OH, in the presence of a non-coordinating salt (NaPF 6 ) and a base (Et 3 N), allowed substitution of the chlorine atom on the [Ru(dppe) 2 ] core and introduction of the second carbon-rich chain. Spontaneous dehydration of the alkynol ligand under those reaction conditions led to the cumulenic chain =C=C=CPh 2 , thus affording the dye precursors 4 and 7. Final deprotection of the silyl-ester group(s) under mild conditions, using tetrabutyl ammonium fluoride in THF and at room temperature, afforded the target dyes [Ru]1 and [Ru]2 in good yields. All the organometallic complexes were characterized by means of 31 P, 1 H and 13 C NMR, HR-MS and FTIR. The trans-ditopic structure of the ruthenium center in [Ru]1 and [Ru]2 was first confirmed by the 31 P NMR spectra which show a singlet for the four equivalent phosphorus atoms, with δ ≈ 43 ppm characteristic of the mixed Ru-alkynyl-allenylidene structure. [20, 21] The presence of an allenylidene carbonrich chain was also evidenced by characteristic 13 C NMR signals at δ ≈ 316 (Cα), 212 (C β ) and 162 (C γ ) ppm and by a typical intense vibration stretch (ν C=C=C ) on the IR spectra at ˜ 1917 cm -1 . A less intense vibration stretch, characteristic of the alkynyl ligand (ν C≡C ), was also observed on the IR spectra at ˜ 2063 cm -1 .
Crystallographic study
Good quality crystals were obtained by slow diffusion of pentane into a concentrated solution of the complex 4 in CH 2 Cl 2 solution. The crystal structure of 4 was thus resolved by X-ray diffraction analyses. Fig. 1 represents the cationic organometallic unit from different views along with appending triflate anion. The crystallographic data are detailed in the supporting information. The crystal structure of 4 confirms the trans position of the two carbon-rich ligands with regard to the metal centre, providing a linear arrangement of the carbon chains with an angle C α -Ru-C α ′ = 179.1(7)°. The linearity of the chains extends well beyond, over 9.27 Å from the C γ to the C γ′ , with an angle C γ -Ru-C γ′ = 178.7(2)°. The different bond lengths are consistent with the presence of a cumulenic chain on one side and an alkynyl chain on the other side. [20] The corresponding distances are 1.933, 1.261 and 1.364 for the Ru-C α , C α -C β and C β -C γ of the allenylidene ligand, and 2.081, 1.197 and 1.436 for the Ru-C α ′, C α ′-C β ′ and C β ′-C γ ′ of the acetylide ligand. Note that the Ru-C α distance is longer in the alkynyl chain than in the cumulenic one, and conversely the C α -C β is much shorter in the alkynyl ligand, thus presenting a strong C≡C character. The crystal structure also shows how the metal atom and linked carbon chains are surrounded by the diphosphine ligands which shelter the central π-conjugated system and, through their bulkiness, create a de-aggregating effect.
Optical and electrochemical properties
UV-visible electronic absorption spectra of the dyes, recorded in dichloromethane solution, are presented in Fig. 2 and the corresponding data are gathered in Table 1 . On these spectra, intense absorption bands are observed in the UV region, below 300 nm, corresponding to n → π* and π → π* transitions characteristic of the dppe ligands. [22] The spectra also show intense absorption bands at intermediate energy with maximum wavelength centred at 340-350 nm. These bands are tentatively attributed to transitions involving the electron-rich alkynyl ligand. The polyaromatic triphenylamine motif provides a twice more intense band (ε = 41 000 M -1 cm -1 ) than the thiophene ring (ε = 20 100 M -1 cm -1 ). More interestingly, the spectrum of both dyes shows a very broad absorption band in the visible region with maximum wavelength located at λ max ≈ 600 nm and ε ≈ 12 000 M -1 cm -1 . In monoallenylidene metal complexes the transition in the visible region possesses a metal-ligand charge transfer (MLCT) character of the type Ru II (dπ) → π*(allenylidene). [23] Similarly, the broad absorption observed for [Ru]1 and [Ru]2 in the visible is expected to arise from the allowed transition from one of the metal-based orbitals (HOMO) to the allenylideneligand-based LUMO.
Cyclic voltammetry analyses of the organometallic complexes were performed in dichloromethane solution, the corresponding data are reported in Table 1 . The cationic allenylidene-acetylide complexes show a well-defined reversible mono-electronic wave located at -0.99 V and -0.89 V vs. Fc + /Fc for [Ru]1 and [Ru]2, respectively. This electronic process is ascribed to the reduction of the cumulenic ligand. [21] Assuming that these potentials are not significantly affected when shifting from dichloromethane to acetonitrile [24] and considering E 0 (Fc+/Fc) = + 0.53 vs. NHE in CH 3 CN, [15, 25] [27] [28] [29] indicating that sufficient driving force exists for hole injection from the photoexcited dyes to the semiconducting metal-oxide. On the other hand, the electron promoted to the LUMO upon photoexcitation is at sufficiently high energy to be transferred to an irreversible electron acceptor (IEA) such as [Co(NH 3 ) 5 Cl]Cl 2 (E 0 Co(III)/Co(II) = -4.5 eV). [30] In that configuration, photoinduced electron transfers from NiO to the IEA, mediated by the mixed allenylidene-acetylide ruthenium complexes [Ru]1 and [Ru]2, should be highly favourable.
Theoretical calculations
Quantum chemical calculations were performed in order to get deeper insight into the molecular orbital distribution and the electronic transitions occurring upon photoexcitation of the dyes The calculations show that the HOMO (Highest Occupied Molecular Orbital) of the dyes is delocalized over the acetylide ligand bearing the thiophene ([Ru]1) or triphenylamine unit ([Ru]2) and on the anchoring group(s), which should greatly favour hole injection into the valence band of NiO. [31] The HOMO also displays a strong contribution from the metal centre, and in the case of [Ru]1 a substantial extension onto the cumulenic carbon chain. On the other hand the LUMO (Lowest Unoccupied Molecular Orbital) of such mixed allenylidene-acetylide metal complexes is mainly localized on the allenylidene ligand thus involving the external phenyl rings, the cumulenic chain and also some contribution from the metal fragment. As a consequence the HOMO and LUMO of the dyes are well positioned on the metal complexes for hole injection into NiO on one side and electron donation to the cobalt-based electron acceptor on the other side.
DFT and TD-DFT calculation parameters relative to the main photoinduced transitions are summarized in Table 2 . In accordance with the experiment, two main transitions are predicted for [Ru]1 and [Ru]2 in the 300-800 nm region. The maximum wavelengths and oscillator factors calculated for the two main transitions are consistent with the experimental spectra, the expected small deviation between calculated and experimental data is attributable to the large size of such organometallic complexes and to the well-known limits of TD-DFT for charge-transfer excitations. [32] The maximum wavelength calculated for lowest energy transition is of 676 nm and 687 nm for [Ru]1 and [Ru]2, respectively corresponding to pure charge transfer. We have also analysed the electronic-density rearrangement upon excitation (Fig. S1) Transition assignment reveals that this low-energy transition owns a major HOMO → LUMO character whereas the transition at higher energy owns a HOMO-1 → LUMO character. These transitions therefore present a net MLCT (Metal-to-Ligand Charge Transfer) character since both the HOMO and HOMO-1 strongly involve the central ruthenium-based fragment. This is further confirmed by the calculated quantity of transferred charge (q CT ) which is very close to 1,.
Electrode preparation and characterization
The NiO substrates were purchased from Dyenamo [16] and sensitized by soaking into a 0.5 mM CH 3 Fig. 4b and 4c ). For both dyes, a blue-shift (33 nm for [Ru]1 and 53 nm for [Ru]2) of the absorbance band is observed, in agreement with previous reports. [26, 28] These modifications result either from small structural rearrangements of the dye molecules upon grafting on the NiO substrate or from intermolecular interactions between adjacent grafted dyes.
First-principles calculations of Coumarin-based dyes (C343) adsorbed on the p-NiO(100) surface have shown that there is no charge-transfer between dye and electrode upon formation of the C343-NiO bonds. [33] In other words, the dye retained its electronic structure features upon adsorption on p-NiO. Since 
Photoelectrochemical properties of dye-sensitized NiO films
The photoelectrochemical properties of the dye-sensitized NiO films were subsequently investigated in the presence of [Co(NH 3 ) 5 Cl]Cl 2 (20 mM) acting as an irreversible electron acceptor (IEA) in solution. [15, 34] The substrates were used as working electrode in a threeelectrode configuration (see the experimental section). Potassium phosphate buffer (KPi, pH 7; 0.1 M) was used as electrolyte and linear sweep voltammograms (LSV) were recorded under chopped-irradiation conditions (400 -800 nm filtered Xe Lamp light; 100 mW cm -2 ) corresponding to the visible fraction of 1.5 sun (Fig. 5a) We therefore applied this potential for the whole series of experiments described below. Under such conditions, NiO electrodes sensitized with [Ru]2 display significantly higher photocurrent density (58 µA cm -2 ) than the same electrode sensitized with [Ru]1 (43 µA cm -2 ) (Fig. 5b) . This difference is directly related to the observed difference in surface concentration. Indeed, if the macroscopic photocurrent (µA cm -2 ) is divided by the Faraday constant and by the surface concentration (nmol cm -2 ), similar photoinduced molecular electron transfer frequencies of 0.020 and 0.021 s -1 are calculated for [Ru]1 and [Ru]2, respectively, suggesting that the two dyes have the same intrinsic efficiency for light-driven charge transfer. In the course of long-term illumination experiments, both electrodes display quite stable photocurrent values for the first 20-30 min. (Fig 5c) . After this time, photocurrent values begin to decrease (30 % after one hour for the NiO electrode sensitized by [Ru]2 and >50% in the case of [Ru]1 that only contains one anchoring carboxylate group). This behaviour could be ascribed both to the leaching of the dye and to the deposition of an insoluble product at the surface of the electrode, clogging the electrode pores and limiting performances. We note that this deposit likely originates from the decomposition products of the IEA. Such an issue should not take place if a catalyst is used instead of an IEA. These observations contrast with measurements made with an analogous organic push-pull dye containing a triarylamine donor similarly anchored onto NiO through carboxylate groups. [15] Photocurrent values were found very unstable in phosphate buffer, which was ascribed to the leaching of the dye. The good stability of photocurrent at pH 7 for [Ru]2-sensitized NiO electrodes therefore holds promises for the development of photoelectrodes for H 2 evolution since most molecular catalysts work under such conditions. [13, 14] Conclusions Dye-sensitized photocathodes displaying stable photoelectrochemical properties at neutral pH are targeted for the development of H 2 -evolving photoelectrocatalytic cells. Tandem cells combining two dye-sensitized photoelectrodes were indeed recently shown capable to split water in absence of any external bias. [13, 14] Optimization of the cell performances is now required and includes the design of novel dyes. We show here the relevance of push-pull organometallic dyes for the construction of photocathodes operating in water. The high stability displayed by these new dye-sensitized photocathodes in pH 7 phosphate buffer represents an important improvement compared to the previous photoelectrodes reported in our group [15] and holds promises for the construction of H 2 -evolving photoelectrodes through catalysts integration.
Experimental Section Materials and methods
The reactions were carried out under inert atmosphere using the Schlenk techniques. Solvents were dried from appropriate drying agents (sodium for pentane, diethyl ether and THF; calcium hydride for dichloromethane, chloroform and methanol) and freshly distilled under nitrogen before use. All reagents were obtained from commercially available sources and used without further purification. [RuCl(dppe) 2 ][[TfO] (1) [36] and 5 [19] were synthesized according to reported procedures. 1 H NMR, 13 C NMR and 31 P NMR analyses were performed on Bruker Avance I 300 MHz, Avance II 400 MHz and Avance III 600 MHz spectrometers. Chemical shift values are given in ppm with reference to solvent residual signals. HR-MS analyses were performed by the CESAMO (Bordeaux, France). Field desorption (FD) measurements were carried out on a TOF mass spectrometer AccuTOF GCv using an FD emitter with an emitter voltage of 10 kV. One to two microliters solution of the compound were deposited on a 13µm emitter wire. FT-IR spectra were recorded on a Perkin Elmer Spectrum 100 spectrometer using KBr pellets. UV-visible absorption and emission fluorescence spectra were recorded on a UV-1650PC SHIMADZU spectrophotometer and on a FluoroMax-4 HORIBA spectrofluorometer, respectively. Cyclic voltammetry analyses were performed using a potentiostat/galvanostat Autolab PGSTAT100 and a three-electrode system (working electrode: Pt disc; reference electrode: Ag/AgCl, calibrated with decamethylferrocene as internal reference; counter electrode: Pt) with 0.1M Bu 4 NPF 6 as salt support at a scan rate of 100 mV.s -1 .
Synthesis of 3-In a Schlenk tube under inert atmosphere, [RuCl(dppe) 2 ][TfO]
(1) (865 mg, 0.8 mmol, 1 equiv.) and 2 (300 mg, 1.2 mmol, 1.5 equiv.) were dissolved in dry CH 2 Cl 2 (50 mL). The mixture was stirred for 24 h at RT. After removal of the solvent, the crude product was washed with freshly distilled pentane (2 x 40 mL). Precipitation from a CH 2 Cl 2 / pentane mixture afforded pure 3 as a light brown powder in 63 % yield (670 mg, 0.5 mmol). 31 136.0, 134.6, 134.1, 133.8, 133.7, 133.1, 132.1, 131.9, 131.7, 131.6, 131.5, 131.2, 129.6 Synthesis of 4-To a solution of 3 (335 mg, 0.25 mmol, 1 equiv.), NaPF 6 (84 mg, 0.5 mmol, 2 equiv.) and 1,1-diphenyl-2-propyn-1-ol (104 mg, 0.5 mmol, 2 equiv.) in dry CH 2 Cl 2 (30 mL) under nitrogen atmosphere, was added Et 3 N (140 µl, 1 mmol, 4 equiv.) . The solution was stirred at RT for 48 h. The reaction mixture was washed with water and evaporated to dryness. The resulting solid was afterward washed with pentane and dried to afford 4 as a deep blue powder in 80 % yield (296 mg, 0.20 mmol). 31 (1) (1.08 g, 1 mmol, 1 equiv.) and 5 (0.67 g, 1.2 mmol, 1.2 equiv.) were dissolved in dry CH 2 Cl 2 (50 mL). The mixture was stirred for 24 h at RT. After removal of the solvent, the crude product was washed with freshly distilled pentane (2 x 40 mL). Precipitation from a CH 2 Cl 2 /pentane mixture afforded pure 6 as a light brown powder in 93% yield (1.52 g, 0.93 mmol). 31 126.8, 126.4, 125.5, 124.6, 124.0, 123.2, 122.8, 109.7, 63.6, 29.4, 17.9, -1 Synthesis of 7-To a solution of 6 (164 mg, 0.1 mmol, 1 equiv.), NaPF 6 (34 mg, 0.2 mmol, 2 equiv.) and 1,1-diphenyl-2-propyn-1-ol (42 mg, 0.2 mmol, 2 equiv.) in dry CH 2 Cl 2 (10 mL) under nitrogen atmosphere, was added Et 3 N (60 μl, 4 equiv.). The solution was stirred at RT for 48 h. The reaction mixture was diluted with CH 2 Cl 2 up to 30 mL. The organics were washed with water and evaporated to dryness. The resulting solid was afterward washed with pentane and dried to afford 7 as a deep blue powder in 89 % yield (160 mg, 0.089 mmol). 31 
Computational details
All the calculations have been performed with the Gaussian09 suite of programs for quantum chemistry. [37] We employed the PBE0 hybrid density functional [38] for ground state calculations, including the semi-empirical dispersion term proposed by Grimme (D3BJ). [39] The standard Pople's 6-31G(d,p) basis set, [40] for H, C, N, O, P, and S atoms, and the SDD effective core potential and basis set for Ru [41] provided the best compromise between accuracy and computational feasibility. The polarizable continuum model (PCM) of solvation [42] has been applied to model the dichloromethane solvent. The Ru-based dyes under investigation have been purposely designed to undergo electronic excitation with longrange intra-molecular charge-transfer from the ground to the excited states. This represents the worst-case scenario for state-of-the-art time-dependent DFT (TD-DFT) methods. [43] Thus we tested several density functional models for the TD-DFT calculations (see Table S1 in Supporting Information) and we chose the long-range corrected LC-ωPBE density functional. [44] Analysis of electron density rearrangement upon vertical excitation has been performed according to the charge-transfer indexes developed by Ciofini and coworkers. [32] Electrode preparation method NiO electrodes (thickness 1.5 µm) on TCO glass were purchased from Dyenamo AB, Stockholm, Sweden. UV-visible absorbance spectra of the sensitized films were recorded on an Agilent Cary 60 UV-Vis spectrometer equipped with a solid sample holder. Photoelectrochemical measurements-Chrono-amperometric and linear sweep voltammograms were measured with a Bio-logic SP 300 potentiostat under nitrogen at room temperature using a previously described specific cell in three-electrode configuration. [15] The NiO electrode is clamped on the cell, serving both as working electrode and window. The surface of the working electrode in contact with the electrolyte is 0.42 cm 2 . Ti wire and Ag/AgCl (KCl 3M) have been used as counter-electrode and reference electrode, respectively. We used potassium phosphate buffer (0.1M; pH = 7) as electrolyte and [Co(NH 3 ) 5 Photoelectrodes were back-illuminated with a 300 W ozone-free xenon lamp (Newport) operated at 280 W, coupled to a water-filled Spectra-Physics 6123NS liquid filter for elimination of IR radiation (λ > 800 nm) and a Spectra-Physics 59472 UV cut-off filter (λ > 400 nm). Irradiance at the substrate surface was calibrated at 100 mW cm -2 using the Newport PM1918-R power-meter.
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